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Abstract

:

Global commercial and recreational transport may lead to the unintentional invasion of insect species, which in turn may pose a threat to native organisms. In this study, we aimed to assess whether the economically important pest of Pinus sylvestris L., moth Dendrolimus pini L. (DP), is able to feed on nine other pine species, and how this will affect its survival, performance, growth, and development. We carried out food choice tests and a no-choice laboratory feeding experiment. We found that this insect mostly preferred its prime host, but also Pinus cembra L., Pinus contorta Douglas ex Loudon, Pinus nigra J.F.Arnold, and Pinus ponderosa Douglas ex C.Lawson. The performance test revealed a host-specific response of DP to the host plant. This response was manifested in a large variation in body mass as well as in a decrease or increase in life-history traits, such as fecundity, and wing morphology parameters. However, the larvae’s choice of particular hosts corresponded to the results of the performance test. Larvae more willingly selected food allowing better results in their performance. Larvae achieved better values of growth and development when fed on European and North American pine species or on species with two- and three-needle fascicles. In addition, attractants and repellents in needles of different pine species were chemically analyzed. Variations in the secondary metabolite composition as well as the specific leaf area of different pine species effectively explained the results found in the insects, but the content of sugars and nitrogen remains to be elucidated. We speculate that DP poses a serious threat to large areas of pine forests, if transferred, as it can survive and develop on many economically important tree species in North America and Europe.
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1. Introduction


Herbivores use various parts of host plants to obtain the required nutrients for development and reproduction [1,2,3]. Plants improve their defense strategies to counteract feeding, especially by enhancement of the leaf chemical defense [4,5,6,7]. The quality of plants has a significant influence on the survival and development of larvae and the fecundity of adults [8,9], and thus is a key factor in determining the fitness of the herbivorous insect population and its increases and outbreaks [8,10]. Ingesting high-quality food improves larval performance [11] and, as a consequence, enhances survival [12,13] and adult specimen reproduction [8,14,15].



Invasive insects are the most disruptive species [16,17,18], causing various ecological [19,20], social [17,21,22], and economic problems [23,24,25]. Biological invasions are particularly threatening for countries with high forest cover [26,27]; therefore, it is important to protect forests from consequences through ongoing monitoring [28]. The risk of introducing a new insect species is positively correlated with the trade of forest products in environmental conditions that it prefers, i.e., areas with a favorable climate and suitable host plants [23]. Basic tools that can be used first are predictive studies evaluating the potential threat posed by potentially invasive insects [29,30]. A good prediction model of the potential distribution should also take into account potential host plants, the inclusion of which should be preceded by the examination of the possibility of accepting such hosts [31,32].



In Europe, the pine-tree lappet Dendrolimus pini (DP; Lepidoptera: Lasiocampidae) is a pest of great economic importance [33,34,35]. The natural range of the pine-tree lappet in Europe, which is known to be oligophagous on pines, follows that of its primary host, Pinus sylvestris [27]. The larvae of DP feed gregariously on needles of mature trees, usually <20 years old [36]. Females lay ca. 250 eggs in total July–August, and the first instars of larvae feed before the end of October, overwinter in forest litter, and resume feeding in early spring on one-year-old needles of P. sylvestris [36,37,38].



There is a lack of research with regard to other pine species-related food preferences. Recently, in Croatia the total defoliation of Aleppo pine Pinus halepensis Mill. stands has been observed. Although Aleppo pine is not its primary host, the larvae accepted it [39,40]. As an oligophagous species, DP consumes probably a limited number of plant species; thus, theoretically, intraspecific temporal and spatial variability in food quality should be important for this species. It can be expected that larval preferences and performances could be influenced by the needle chemistry of other species, as with other oligophagous serious pests of Scots pine Lymantria monacha L. [32].



In order to compare the food quality, we bred DP larvae on different host plants—various Pinus sp. L. species. We selected the plant species for research, taking into account their widest possible geographical distribution, morphological variability, and finally their high economic/ornamental importance. European countries are the main trading partner with Asian and North American ones, meaning that native European insects have a greater chance to be transported and become established in these areas [26]. For instance, findings for L. monacha show that this moth has the potential to be accidentally introduced via trade into U.S. areas due to the fact that many North American plants (coniferous and deciduous) are suitable hosts [32], and that the larvae can survive longer without food than previously assumed [41].



The nutritional quality of host plant foliage varies naturally among different species [25,42,43]. The variation in host plant quality can be determined by herbivores’ specific food preferences and behaviors [2,32,43]. The reaction of insects to the change of the host is usually difficult to predict. The food demand during the development of DP larvae is initially low, but from the fourth instar, it increases rapidly [34]. Thus, it can be assumed that the coincidence in time of high food demand with the starvation period during transportation conditions may cause DP to accept other hosts in order to survive [44]. Using new host plants may cause reduced mass and growth parameters in insects, and extend the development time of the larvae, which will result in their increased mortality. On the other hand, native plant specimens are characterized by well-developed mechanisms of defense against insect pests, which have not yet been acquired by species that become new food for insects [20,25]. This may trigger their potential as destructive, invasive pests.



Due to their body size and mass, DP in a natural way do not spread over long distances [27]. This may seem to rule out the potential invasiveness of DP. However, this feature does not determine whether or not the species may be invasive. For example, one of the most famous invasive species, Lymantria dispar L., also spreads naturally only several hundred meters [45]. DP has many features of a potentially important invasive and troublesome species. In Poland, severe outbreaks usually take place every 4 to 16 years [37,46], but from the beginning of the 2000s, a significant reduction in the interval between outbreaks has been observed, as now it is from 2 to 3 years [33]. The most recent outbreak covered an area exceeding 130,000 ha in 2013 [47]. Outbreaks or even annual severe defoliation could result in tree mortality [48]. All developmental stages could easily use anthropogenic vectors, as they are pests closely related to pine, which is the most popular forest resource in Europe. Recently, we also found that the maximum lifespan of the starved L1 larvae was more than a week, but L3 larvae survived almost a month [44]. Recovery on their native host plant after starvation, which was supposed to simulate the conditions of long transport, was possible. The above studies confirm that this species can survive long periods of migration to almost anywhere in the world using a variety of vectors.



The aim of the research was to check whether DP larvae have preferences for alternative food, i.e., for various species of the pine genus Pinus sp., and how this will affect their survival, as well as their performance, growth, and development parameters. The assessment of the possibilities of feeding on other host plants is essential for understanding the interaction between DP larvae and their primal and potential hosts. Accordingly, in this study, we propose the following hypotheses, the verification of which formed our detailed objectives: (1) larvae of DP prefer the primal host plant; (2) the specimens of DP fed with pine species other than the basic food plant are characterized by a lower survival rate, growth, development, and morphological parameters; (3) DP achieves higher values of growth, development, and morphological parameters when they are fed on European pine species than on Asian or North American, or (4) pine species with two needle-fascicles rather than three or five needles; (5) chemical and physical defensive features of the needles of different pine species significantly influence larval performance.




2. Materials and Methods


2.1. Study Species Characteristics


We used eggs, all larval stages, pupae, and adult insects of the pine-tree lappet Dendrolimus pini L. (DP). The overwintering larvae were derived from Scots pine Pinus sylvestris L. stands litter in the Sarbia Forest District, State Forests, in Poland (52.9445° N, 16.7699° E). After collecting approximately 3000 larvae (end of February 2020), they were transported to the laboratory, where they were bred in six boxes (25 L). During the first few days of breeding, the process of the larvae emerging from winter diapause was observed, and then the dynamics of the activity of endoparasites and entomopathogenic fungi were noted. Any dead larvae or those showing disease symptoms were immediately removed from the boxes, and the tools were disinfected. After approximately 3 weeks, when the above-mentioned processes ended and the larvae began to chew intensively, our experiments began (10 April 2020). All experiments were carried out with the protection of human health due to strong allergens in larvae hairs [49]. Due to the high damage risks in neighboring pine stands, all larvae and adult insects were killed at the end of the experiment by transferring them to a deep freezer for one week.



In 2017, the plots were prepared on an open post-agricultural area free of weeds. The top layer of post-agricultural soil was mixed with acid peat and forest soil (collected in a mature oak/pine forest). We also added the slow-release NPK fertilizer (2 kg m−3 of added mixture of acid peat and forest soil). Next, over 100 similarly sized young trees (3–4 years old) per 10 pine species (Table 1) were planted and later employed to feed the larvae according to the established schedule (see subsequent section). Throughout the growing seasons, the trees were cared for and watered as needed. On the day of food exchange, we supplied fresh shoots with one-year-old needles, which we obtained from a randomly selected tree. We always collected plant material from different trees to avoid the effects of induced plant defense that may be stimulated during successive shoot/needle collection.




2.2. Study Design


2.2.1. Food Choice


Food choice by larvae was studied in mid-April 2020 using multi-choice (10 options) and dual-choice experiments. In the multi-choice experiment, we used flat polystyrene boxes (L × W × H of 270 × 270 × 100 mm, ~7.3 L, as in our other study [50]), but for the dual choice experiment we used plastic Petri dishes (ø 14 cm). To standardize the choice conditions, plant materials in each box were inserted approximately 36° apart near the walls of the box (the center of the container was free); in Petri dishes, they were placed opposite each other (at the walls of the dish), and the needles were cut into 1 cm pieces (due to different sizes of the tested needles). We used needles from randomly selected individuals of different pine species, and when cutting needles, we used separate scalpels and disposable gloves to keep odors free. Using soft tweezers, we randomly selected (n = 150) freshly molted larvae (c.a. 12 h earlier) from our big rearing containers and placed them in empty 20 L containers without food (for 4 h). Afterward, 50 pieces of each studied species (Table 1) were stacked in small piles in each box of the all options experiment 5 min before placing the larvae in the central part of the boxes. The order in which the needles of different species were arranged next to each other varied. All of the prepared boxes containing the larvae were placed under constant conditions (23 °C; RH 60%; LED lighting similar to natural), and after 2 h, the chosen species or no choice was noted based on the place that larvae started to chew.



In a similar way and under the given conditions, we prepared Petri dishes for the dual-choice experiment. In this part of the food choice experiment, we randomly selected freshly molted larvae (n = 360, i.e., 40 larvae × 9 pine species other than Scots pine) from our big rearing containers and starved them for 4 h. Afterward, 10 pieces of Scots pine needle (control) and one of the studied species (Table 1) were placed in the appropriate dishes 5 min before placing the larvae in the central part of the dish. After 2 h, the chosen species or no choice was noted based on the place that larvae started to chew.




2.2.2. Performance Test


We carried out a no-choice (one option) laboratory feeding experiment. On 10 April 2020, the experiment began. All larvae that completed the molting process the previous night (easily identified by the lighter body and hair color) were selected from the containers and placed into a larger container (containing larvae from various boxes). From this group of rearing larvae, we randomly selected 200 larvae from all available larvae (n = 20 larvae × 10 pine species treatments). Each larva was weighed to determine the initial larval mass before being placed in the Petri dish. Therefore, we were sure that the larvae were empty of feces and hungry, ready to start feeding again. The analytical balance Radwag (AS82/220.R2) with an accuracy of 0.01 mg was used for weighing throughout the study. We placed the larvae individually into separate dishes (ø 14 cm) with one-year-old needles of the right species. The larvae were stored in conditions as close to natural as possible, i.e., at a temperature of 23 °C, a relative humidity of 60%, and LED lamps were also used to approximate the light conditions. The light emitted per day lasted 16 h. For each dish, needles were replaced by a new one, and larval mass was measured twice a week. Approximately double the requirement of food for one larva was provided for each larva. Uneaten needle residues and feces were weighed after they were dried in a forced air oven at 65 °C for a minimum of 72 h (ULE 600 Memmert GmbH + Co. KG, Schwabach, Germany). Larvae mortality was monitored every day at 9.00 a.m. In order not to expose the individuals to additional stress, the dishes were not touched; however, if the observations indicated death, the container was gently opened to touch the larvae with tweezers to ascertain death. To estimate the fresh/dry mass ratio (for each host species treatment and date during the feeding period), the fresh mass of a needle was compared with its dry mass based on 10 samples collected from the needles of each pine species (n = 3 samples per species in each day of food replacement).



To determine insect performance, we used various parameters of growth and development. We determined maximal larval, pupal, cocoon, and adult masses. Moreover, we determined potential fecundity and various parameters of wings (described below). In addition, we used the following parameters: duration of development (DD; day), pupal period (PP; day), total food eaten (TFE; g dry mass), consumption index (CI; g g−1 day−1), relative growth rate (RGR; g g−1 day−1), approximate digestibility (AD; %), efficiency of conversion of ingested food (ECI; g g−1 × 100%), and efficiency with which digested food was converted to body substance (ECD; %).



The parameter DD was then recorded, i.e., the period from the beginning of the experiment until the individual reached the pupal state (days). The cocoons built by the larvae were cut open and removed, and the pupae were weighed. When determining the mass of the cocoons, the mass of the last molt that was in these cocoons was not taken into account. In addition, we noted PP, the time from pupation to the emergence of an adult. After measuring the mass, each pupa was placed in a 125 mL vessel, into which a fragment of a woody shoot was inserted in order to create an optimal place for the freshly emerged adult to spread its wings. After the emerging of an adult insect was detected, anesthesia with ethyl acetate vapor was applied to determine the sex and body mass. It was then killed by quick freeze. In addition, wings were cut and removed from the body, and the length, width, and area of each forewing and hindwing was measured using a high-resolution scanner (800 dpi) and the WinFolia 2004 software (Regent Instruments Inc., Québec, Canada). Wing length and width were defined as the longest and widest possible section on each wing lying at right angles to each other. Total food eaten was calculated by summing the estimated dry mass eaten by the larvae from the start to the end of the experiment (i.e., 60 days). We determined CI based on the formula CI = TFE/DD × M, where M is the fresh mass of a larva during the feeding period. We assessed RGR using the formula RGR = (Mm − M0)/(DD × M0), where M0 and Mm are the initial and maximal larval masses, respectively. Based on the larval mass and TFE, we also defined the ECI using the formula ECI = ((Mm − M0)/TFE) × 100%. We calculated AD using the formula AD = (TFE − F)/(TFE) × 100%, where F is the total mass of feces. ECD was calculated by ECD = ((Mm − M0)/(TFE − F)) × 100%. Preliminary rearing carried out in the earlier years showed the effectiveness of these methods. More details concerning the methods and parameters that we used in this study can be found in the literature [25,51,52,53].



Moreover, in order to determine the potential fecundity of the females, the ovaries were isolated approximately 24 h after freezing. During ovarian isolation, each female was placed on her back and attached with entomological pins to the Sylgard elastomer in a Petri dish filled with Ringer’s solution. Each pinned insect was cut along the ventral side of the abdomen with microsurgical scissors. Fat bodies and Malpighi coils were removed from the abdomen using microtweezers. The ovary was also removed to expose and isolate it. Ovaries were stained with 0.5% Evans Blue in saline. Potential fecundity was assessed as the total number of pre-vitellogenic and vitellogenic oocytes in the ovaries (No. eggs).





2.3. Chemical Analysis and Specific Leaf Area Determination


We chemically analyzed attractants and repellents in the one-year-old needles of different pine species (n = 8 samples × 10 pine species × 2 months) over two consecutive months (in mid-April and mid-May). We analyzed the basic chemical composition of needles, including water content; carbon and nitrogen concentrations; total non-structural carbohydrates; and defensive compounds, such as condensed tannins, soluble phenolics, and total terpenoids content. Plant material was collected randomly from different individuals growing together with individuals from which shoots had been collected for the choice and performance test to avoid the additional influence of the cutting of tissues.



Nitrogen and carbon contents (% d.m.) were determined using an Elemental Combustion System CHNS-O 4010 analyzer (Costech Instruments, Pioltello, Italy). Total non-structural carbohydrates (TNC; i.e., soluble carbohydrates and starch) were determined as described by Hansen and Møller [54] and Haissig and Dickson [55]. Soluble carbohydrates were assayed in methanol–chloroform–water extracts (λ = 625 nm), and TNC results were expressed as % d.m. Total soluble phenols (TPh) and condensed tannins were analyzed in dried leaf tissue (40 °C for tannins and 65 °C for other phenols) ground in a Mikro-Feinmühle-Culatti mill (IKA Labortechnik, Staufen im Breisgau, Germany). The phenolic compound content was measured calorimetrically (λ = 660 nm) using Folin and Ciocalteu’s Phenol Reagent (SIGMA F-9252) and following the method of Johnson and Schaal [56], as modified by Singleton and Rossi [57]. Chlorogenic acid was the standard used in these assays, and the results were expressed in terms of μM of chlorogenic acid g−1 dry mass (d.m.). Condensed (catechol) tannins, after extraction with absolute methanol, were determined colorimetrically (λ = 500 nm) using a color reaction with vanillin in an acid medium [58]. These results were converted to μM catechin g−1 d.m. The total terpenoid content (TT) was determined using linalool as the standard reagent using the method described by Ghorai et al. [59] with such a modification that the material was dried in the air for approximately a week. The absorbance was measured at 538 nm, and the results were expressed as milligrams of linalool equivalents per gram of dried sample (mg linalool g−1 d.m.). Absorbance (terpenoids, tannins, phenols, and carbohydrates) was determined with a spectrophotometer (UV-1700 Visible Spectrophotometer; PharmaSpec, Shimadzu, Japan).



At the same time, undamaged needles were also collected for the assessment of specific leaf area (SLA; cm2 g−1 d.m.) [60,61]. Each needle sample was weighed, scanned (software: WinSeedle 2004, Regent Instruments Inc., Quebec, QC, Canada), dried (65 °C), and re-weighed. Each sample for SLA analysis was composed of 5–10 needles per sample.




2.4. Statistical Analysis


Data from the food choice tests were analyzed in 10-option and two-option experiments. It was assumed that the larvae that had not selected food would be excluded from further analysis. The χ2 test was used to analyze the probability of choosing pine species. We calculated the results of larvae choosing needles of specific pine species relative to the total number of larvae that had chosen food. These results were then analyzed by the χ2 test statistics to compare two probabilities with independent random samples. We hypothesized that differences in probability between species treatments would be zero as this is the general assumption. Survival analysis (the log-rank test) was applied to determine the differences in survival of the larvae between treatments over time while preparing the Kaplan–Meier survival curves needed to interpret the results of the analyses.



Data expressed as percentages were transformed to meet linear model assumptions using a formula proposed by Bliss [62]. Before starting the statistical analysis of the results, each time, the initial assumptions of the tests used (Shapiro–Wilk test, Kolmogorov λ test and Bartlett’s test) were checked. The performed Shapiro–Wilk test indicated that data for DD, fecundity, RGR, AD, ECI, and ECD were not normally distributed; therefore, they were transformed (logarithmic). The results were then checked with the Kolmogorov λ concordance test, which proved that the data had a log normal distribution. Thus, transformed data were used when needed. Additionally, transformed data were used for nitrogen, starch, TPh, tannins, and SLA due to the log normal distribution.



We prepared the results in such a way that we first describe the analyses performed separately for each pine species the larvae were fed. For a more general experiment, we then grouped the pine species constituting food, according to the information in Table 1, into groups related to the geographic origin of these pines (Po), and the number of needles in fascicles (Nn). For these data, we performed two independent analyses. We used two-way analysis of covariance (ANCOVA) statistical tests with the nested effect, where the covariant was the initial larval body mass. To compare the chemical composition of needles from different species over two consecutive months of plant material collection (April and May), nested analysis of variance (ANOVA) was also used. Both in ANCOVA and ANOVA, pine species were nested in the Po or Nn.



After the analysis, where it was possible and depending on the need, Tukey’s or Dunnet’s post hoc test was used (α = 0.05). Additionally, a linear regression equation in the form of f(y) = ax + b was performed to show the dependence of both sexes’ wing areas and female fecundity on their body mass. The Pearson correlation matrix was also used, where the Pearson correlation coefficients for the wing parameters were calculated. The data on the figures were expressed as means with standard errors of the mean (±SE). All calculations were performed using the JMP software (SAS Institute Inc., Cary, NC, USA).





3. Results


3.1. Food Choice


Only seven of 150 larvae in the multi-choice and 14 of the 360 in the dual-choice experiments did not make a choice during the study period. They usually stood in the same place they were placed and were not interested in food. Thus, they were not taken into account in the further statistical analyses. The results of χ2 tests in the multi-choice experiment, where each larva had the opportunity to choose from 10 different host plants, indicate that that the estimated probability differs significantly from the hypothesized values in some plant species treatments (χ2 = 94.2727; p < 0.0001; Figure 1). The most frequently chosen species was P. sylvestris (30%), and together with P. nigra and P. cembra, they constituted as much as 63% of all of the food selections made. The choice of a single remaining species did not exceed 8%.



The χ2 tests showed that the estimated probability in the dual-choice experiment differed significantly from the hypothesized values in some plant species treatments. A significant difference was observed between P. sylvestris (control) and species such as P. armandii (χ2 = 12.7368; p = 0.0002), P. koraiensis (χ2 = 16.0256; p < 0.001), P. peuce (χ2 = 5.7692; p = 0.0163), P. strobus (χ2 = 16.7368; p = 0.0084), and P. wallichiana (χ2 = 15.1579; p < 0.001). This indicates that the larvae chose food preferentially; however, no substantial preference was found to species other than P. sylvestris (Figure 2). For other species, such as P. cembra (χ2 = 0.0256; p = 0.8728), P. contorta (χ2 = 2.0769; p = 0.1495), P. nigra (χ2 = 0.4211; p = 0.5164), and P. ponderosa (χ2 = 1.6842; p = 0.1944), there was no significant difference in food choice.




3.2. Survival and Performance Test


The log-rank survival test showed that there were non-significant differences in survival between the larvae fed on needles of different pine species (χ2 = 7.2868; p = 0.6073), and the average mortality was 13.5%. Although non-significant, the Kaplan–Meier survival curve analysis showed that the mortality during the experiment was slightly different in species treatments: in P. contorta—25% (5/20); in P. armandii and P. peuce—20% (4/20); in P. koraiensis, P. ponderosa, and P. sylvestris—15% (3/20); in P. cembra—10% (2/20); and in P. nigra, P. strobus, and P. wallichiana—5% (1/20). Additionally, non-significant differences were found in the survival rates between the larvae fed on pine species with different places of origin (log-rank; χ2 = 0,1528; p = 0.9265), as well as fed on pines species with different numbers of needles in fascicles (log-rank; χ2 = 0.2108; p = 0.8999).



The performance of DP larvae significantly depended on the experimental treatments, sex, and initial larval mass (Table 2, Table A1 and Table A2). For the further analyses, data for 173 specimens were used. The mean initial mass of the larvae was 0.87 g (±0.02 SE), and a significant impact of this covariant was usually noted. In addition, there was also a specific response of DP larvae to the applied different pine species (Table A1 and Table A2). On the basis of Dunnett’s tests, we found that in most pine species treatments the mean values of the masses and various parameters of growth and development were significantly lower than the value for the larvae fed with P. sylvestris, the primal host plant. However, in some pine species treatments (P. contorta, P. nigra, and P. ponderosa), the achieved results were very similar to the result of larvae fed with P. sylvestris.



The larval, pupal, cocoon, and adult masses, as well as fecundity and wing areas showed different values depending on the pine origin treatment and on the number of needles in a fascicle treatment (Table 2). Food consisting of American and European pine species did not result in significant differences (except in cocoon masses), while Asian pine species reduced masses, fecundity, and wing area (Figure 3). The masses, fecundity and wing area of individuals fed with two- and three-needle pine species showed similar average values and were higher than those for individuals fed with five-needle pine species (Figure 4). In the case of these parameters, sex had an important influence on result variation, as the masses and wing areas of females were significantly higher than those of males (Table 2; Figure 3 and Figure 4). The parameters achieved for the females were more varied, which also clearly showed the significant influence of the interactions (Po × S, and Nn × S), as shown in the figure. Due to the fact that all the morphological parameters of the wings of DP were closely correlated (Figure A1), to simplify the further detailed analysis of the tested treatments, we used only the data for the total wing area. Additionally, a linear regression was performed to show the dependence of the wing area of both sexes on body mass, as well as female fecundity on body mass. A positive correlation was found for female wing area (r = 0.9045; t1;78 = 18.74; p < 0.0001), and males (r = 0.7649; t1;76 = 11.01; p < 0.0001), which can be represented by the following functions: female wing area (y) = 5.4754 + 6.2241 × female adult mass (x), and male wing area (y) = 6.4218 + 10.0653 × male adult mass (x). Additionally, a positive correlation was found for fecundity (r = 0.8892; t1;80 = 17.38; p < 0.0001), which can be represented by the following function: fecundity (y) = 23.7805 + 122.4769 × adult mass (x).



The established food treatments (the pine origin and the number of needles in fascicles) influenced DD or PP, which means that the larvae ingested different amounts of food (Table 2). The DD parameter was the highest in larvae fed with Asian pines and three- and five-needle pines (Figure 5A and Figure 6A), which indicates the prolongation of larval development when fed with this food. The PP parameter was the highest in larvae fed with European and American pines, and two-needle pines (Figure 5B and Figure 6B), which indicates the prolongation of pupal development when fed with this food. In general, the prolongation of DD was nullified by the acceleration of PP. Such regularity was also noticed for sex—males had a shorter DD, while females had a shorter PP—which more or less means that the hatching periods of both sexes fall on a similar time. A stronger but ambiguous result was the sex × number of needles in fascicles interaction.



The number of needles in fascicles influenced TFE (total food eaten) and CI (consumption index), which means that the larvae ingested different amounts of food (Table 2 and Figure 6B), but this was not found for pine origin (Table 2 and Figure 5B). Larvae fed with five-needle pine species had the lowest TFE and CI parameters, while those fed with three-needle pines had the highest. Sex had a strong influence on TFE and CI, as the females ingested higher amounts of food than males. We also found a significant effect of the pine origin treatment and the number of needles in a fascicle treatment on RGR, AD, ECI, and ECD (Table 2). Levels from food consisting of American and European species did not differ significantly, while the Asian species caused a reduction (Figure 5F–H). Larvae fed with two-needle pine species showed similar average values of the studied parameters to larvae fed with three-needle pine species. However, the individuals receiving the five-needle species were characterized by significantly lower values. Thus, larvae feeding on Asian pine species and five-needle pine species gained body mass at a slower rate and were characterized by the worst AD, ECI, and ECD. It is worth noting that sex influenced the ECI and ECD, as in analyses for both (Table 2), females had higher values of these parameters.




3.3. The Quality of Food


We found a large impact of pine species (Table A3 in Appendix C), the number of needles in fascicle treatments, and the average influence of months of plant material collection during the insect feeding period (Table 3) on the quality of food. For most of the parameters studied, there was a significant interaction between these factors (excluding N and tannins). On the basis of Dunnett’s tests, we found that in most pine species needles the content of metabolites was almost identical to that of P. sylvestris, the primal host plant. Only in two pine species treatments (P. armandii and P. peuce), the quality of food was clearly worse than that of P. sylvestris. We found an influence of pine origin on the content of substances that were favorable for insect development (nitrogen, starch, and TNC), the plant defense compound content (TPh, tannins, TT), as well as SLA values, which can represent the general mechanical defense of needles (Table 3 and Figure 7). At the same time, we found a large impact of the number of needles in fascicles on all food quality traits tested, except TT (Table 3 and Figure 8). American pines were characterized by a higher content of nitrogen, TNC, and the studied defense metabolites than Asian and European pines (Figure 7B,D–G). Asian pines had a higher content of starch and TNC and a higher SLA value than American and European pines (Figure 7C,D,E,H). Moreover, pine trees of European and Asian origin were characterized by a lower content of the investigated defense metabolites compared to the American ones (Figure 7B,D–G). Three-needle pines were characterized by having the highest water content (Figure 8A), but two-needle pines had a lower nitrogen content (Figure 8B). In the case of starch and TNC, the highest values were recorded for two-, five-, and three-needle pines, respectively (Figure 8C,D). Five-needle pine species had the lowest content of TPh and tannins, but a higher SLA value than two- and three-needle pine species (Figure 8E,F,H). The number of needles in fascicles did not influence TT content. The influence of months of plant material collection during the insect feeding period was found when analyzing different species of pine origin, but in plants with varying numbers of needles in fascicles, the influence of these months of plant material collection was significant only in starch and TNC (Table 3).





4. Discussion


4.1. Host Plant Preferences


We provided new insights into the effects of the host plant on oligophagous DP. The study of the influence of pine species other than the primal host on the preferences and performance of this species is an additional step toward learning more about the ecology of this important pest [33]. There are already some reports that have been conducted for other species of the genus Dendrolimus sp. Germar, as they are all serious pests and, therefore, attract more attention from scientists [28,63,64,65]. Larvae’s active food selection is the result of seeking the best-quality food that will provide the fastest growth and development. Indeed, larvae using the independently selected food source as a host showed direct benefits in adult reproductive performance [2,11,15,43,66,67,68]. Herbivorous insect species, particularly the specialists to which the group DP belongs, must have mechanisms for finding the best-quality food. In both experiments, where each larva had the opportunity to choose from this different host plant, it can be concluded that the larvae most willingly chose their primal host—P. sylvestris. However, there were also cases of selection of P. cembra, P. contorta, P. nigra, and P. ponderosa. Therefore, the results showed that this important Scots pine pest species accepts other pine species. It is highly likely that the choice of food by DP larvae was directed by volatile attractants of the needles, which allowed the optimization of the consumption of specific elements or substances. It is known that, for other insects, feeding preferences were attributed to foliage chemistry [69,70,71]. For DP, specific attractants were initially recognized, such as gallic acid and β-pinene [36]; however, their content in different hosts is not yet known. Our first question was answered as the results of our 10 and two options tests indicated larval preference for P. sylvestris, but also for other pine species; thus, we partly confirmed out hypothesis.




4.2. Performance of DP on Various Pine Species


Insufficient and non-preferred food would cause the resulting adults to be smaller than normal and/or would prolong the duration of development. However, it does not necessarily harm the growth and development of insects. Even an admixture of small amounts of non-preferred foods in a diet may enhance insect fitness [72]. Keena [32] found that several coniferous and deciduous species were suitable for L. monacha survival and development. She distinguished plant species that did not show differences in insect parameters between the basic food plant, that is, P. sylvestris (intermediate group), and groups of suitable and poor hosts, which caused, respectively, an increase or decrease in the values of indicators. Similarly, based on dual-choice and host plant suitability tests, Kirichenko et al. [64] divided potential hosts for Dendrolimus sibiricus Tschtv. into the same groups. Based on our results, we can clearly divide the studied host species into two groups: more suitable—comparably good quality similar to the primal host (P. cembra, P. contorta, P. nigra, and P. ponderosa) and less suitable—worse quality (P. armandii, P. koraiensis, P. peuce, P. strobus, and P. wallichiana).



There were non-significant differences in survival during the performance test between the larvae fed on needles of different pines species. These results confirmed that DP can extend its food base to new pine species, as evidenced by the very low level of mortality during the experiment (5–25%). However, we presented data that showed a host-specific response of DP to the effects of host plant species other than primary host plant species. This response was manifested in a large variation in body masses as well as in a decrease or increase in life-history traits, such as fecundity (Table A1 and Table A2). Among the many fitness parameters, the most frequently recognized and easily measured parameter is body mass [73,74,75,76]. In general, larger and heavier individuals live longer, have greater resistance to starvation, and have higher reproductive success than small individuals. Larger males are better competitors for access to females, and larger females produce more eggs. It is commonly considered axiomatic for most insects females that their increased mass and/or size results in increased fecundity [8,77]. Our results indicate that there is a strong fecundity advantage of large mass females of DP and a positive relationship between body mass and wing parameters. Much higher masses and sizes of female specimens than their male counterparts are common in the insect world [78]. In our experiments, all relationships with sex, noted for DP, were in line with the above results.



Although the change of host plant did not appear to affect DP survival, some studied parameters justify the division of the host into suitable groups adopted here. Results such as low body and cocoon masses; low values of RGR, AD, ECI, and ECD parameters; and a high value of the CI of a particular host indicate that its needles are not a sufficiently good food for DP larvae. In summary of this part, we can emphasize that we partly confirmed our second hypothesis, as survival is not dependent on the host treatments, but in some cases, feeding with pine species other than the basic food plant caused a reduction in key parameters.




4.3. Effect of Pine Species Origin and the Number of Needles in a Fascicle on DP Performance


The selection of pine species for this research was made to take into account their importance worldwide, the diversity of their geographical occurrence, as well as the morphological structure of needles (i.e., different numbers of needles in fascicles). It is crucial to include many different species to learn about the potential possibility of invading and the emergence of a new population of insects in a distant place. Similarity in the results obtained for parameters of growth and development can be seen in European and American species, and significantly worse in Asian species (Figure 3 and Figure 4). Therefore, we could speculate that if this insect species was introduced into new host plants/places in Europe (now free of this pest) or North America, it would likely be able to establish more easily in comparison to in Asia. Furthermore, all mass and various developmental consumption parameters indicate that feeding individuals on two- and three-needle pine species was comparable and better than in specimens from five-needle treatments. Noticeably, five-needle species cause a feeding problem for DP due to their morphological structure, especially compared to two-needle species. The anatomical and morphological features of needles, such as their length, width, or cross-sectional shape, vary greatly within the Pinus genus [79,80,81,82,83]. Connected needles from one fascicle have the shape of a cylinder, so the more needles emerge from one, the thinner (more flaccid) these needles are (the cylinder is divided into a larger number of parts) [83]. Older larvae of DP graze economically, grabbing a single needle with true legs and midabdominal prolegs in a specific way and eat it whole starting from its tip [38]. Thus, more than two needles in a fascicle, and thinner, longer, or shorter needles than needles of P. sylvestris, disturb larval consumption. In contrast, the SLA values of Asian and five-needle species were the highest, which indicates that needles were easier to consume (less tough), but more flaccid [84]. Apparently, the consumption behavior of the genus Dendrolimus sp. is strongly related to the morphological structure of the needles of the primal host plant. For example, Kirichenko et al. [64] found a reverse relationship in that D. sibiricus growth and development were worst in two-needle pine species, as their primal hosts have many soft needles (five-needle P. sibirica Du Tour and Larix sibirica Ledebour). Concluding this part, we can highlight that we partly confirmed our third and fourth hypotheses. We expected that for DP both the geographic and morphological similarity to the primal host would be important here, but the results show that these relationships are not unequivocal. Larvae of DP also achieved higher values of growth, development, and morphological parameters when fed on American pine species and pine species with three needles in a fascicle.




4.4. Influence of Chemical and Physical Characteristics of Pine Species on DP Performance


Major indicators of needle resource quality are chemical composition (content of primary and secondary metabolites) and physical characteristics (e.g., toughness and trichomes) [85]. It is a well-recognized fact that these characteristics can significantly affect the survival rate, preference, feeding behavior, and reproductive success of herbivorous insects [70,86,87]. For the performance test, we determined that the pine species affected the needle quality, and thus influenced the larval growth and development. Our results indicate that higher levels of the studied secondary metabolites (TPh, tannins, and TT) in species of the less suitable group of hosts played an important role in achieving the worst performance of larvae fed with them. In the more suitable host species group, levels of the studied secondary metabolites did not differ significantly from the level of Scots pine or were even lower. On the other hand, our experiments did not show a significant role of water, nitrogen, and non-structural carbohydrates in the selection and performance of DP in pine needles of various origins and the number of needles in a fascicle. We can state that we confirmed our last hypothesis. The SLA as well as variation in the secondary metabolite composition of different pine species corresponded well with results found for the insects, but the content of sugars and nitrogen remains to be elucidated.




4.5. Application Aspects and Future Plans


DP, with varying degrees of success, accepted, chewed, and survived on the pine species from different regions of the world with different morphologies and chemical compositions of needles. Therefore, this allows us to speculate that the entire Pinus genus could be included in future models of the potential distribution of this insect. In order for an insect to successfully invade new places, there are many additional requirements that must be met. Highly significant elements of the further dispersion of a species within a new environment are the periodicity of the anthropogenic vector, ability to survive transportation, and suitable climatic conditions [29,31,32]. We already showed [44] that DP larvae are characterized by the ability to survive simulated temporal starvation for two weeks (for up to a maximum of one month), thus confirming that this species could survive long passive dispersal periods. Here, we showed the high survival of individuals and their food plasticity on different hosts of the genus Pinus, which is an important argument in defining DP as a potentially invasive species that should be strictly monitored [88], as with other species from the genus Dendrolimus [64,89]. It should be noted, however, that the beginning of the spread of this pest may be hampered by worse wing size parameters as well as lower fecundity compared to those living in optimal conditions. Researchers usually utilize niche modeling to model locations of high compliance with insects’ environmental requirements and preferred food [90]. We believe that it is important to model this range for DP. From a practical point of view, we are planning in the next step of our research to model the potential distribution of this dangerous pest.




4.6. Study Limitations


The design of our study had some limitations. First, our study was a typical laboratory experiment, where other factors that may prove to be important with respect to survival and development were omitted due to the ceteris paribus principle (humidity, light quality and quantity, temperature, etc.). It would be very difficult to carry out such extensive field research or to take into account other factors. Second, larval stress was minimalized during this experiment (absence of baculoviruses and predators, starvation, etc.). Therefore, we cannot simply convert the results obtained from this experiment for research that would be carried out under field conditions. Third, during the experiment, we used small containers and ad libitum feeding, which limited the possibility and needs of larvae starting intensive food searches, on the one hand [91], but on the other hand, minimized larval energy loss [92,93]; thus, the performance of insects may be higher than that observed in natural conditions. Moreover, it should be taken into account that the characteristics of the needles of alien species of pine determined in this study (ex situ), and thus their nutritional quality for the larvae, may differ more or less from that in situ. Finally, at this stage of research, we covered only a limited number of important trees as potential hosts for DP (only pines). In the near future, we are planning research that may cover more genera of important coniferous trees (Abies sp. Mill., Larix sp. Mill., Picea sp. A. Dietr., Pseudotsuga sp. Carrière, Tsuga sp. Carrière, etc.), similar to the work of other authors [28,64].





5. Conclusions


Results confirmed that DP can extend its food base to other pine species, as evidenced by the very low and non-significant level of mortality during the experiments. We found that this insect preferred mainly its primal host plant, P. sylvestris, but there were other species (P. cembra, P. contorta, P. nigra, and P. ponderosa) that were also more likely to be chosen in relation to the remaining ones. The larvae’s choice of a particular host corresponds to the results of the performance test—more willingly selected food, enabling better results in the performance in these larvae. Variation in the SLA as well as secondary metabolite composition of different pine species effectively explained the results found for the insects. On the basis of the many investigated parameters, we could conclude that larvae fed on pine species from Europe and America or on species with two and three needles in fascicles as compared to Asian and five-needle species, respectively, achieved better values for final body mass, growth, and development. Taking all considerations into account from this and our previous research, we generally conclude that DP larvae are characterized by their high ability to survive without food [44] and successful recovery on a different host. Therefore, we confirm that this species can survive migration periods to almost anywhere in the world using anthropogenic vectors, and later, when its development was completed, representatives of this species can start a new population on a new host.
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Table A1. Means and standard errors (±SE) of masses of larvae, pupae, cocoons, and adults, as well as wing area and fecundity for individuals of the pine lappet (Dendrolimus pini L.) fed with needles of different pine species. A two-way covariance analysis was used to present the effects of the pine species (Ps) and sex and their interactions. The initial larval mass, i.e., the body mass of the larvae on the starting day of the experiment, was used as covariant. Statistically significant differences p < 0.05 are marked in bold. Mean values marked in red mean that they are significantly lower than the value for the individuals fed with primal host Pinus sylvestris L. needles (bolded; Dunnett’s test used here; α = 0.05), and black—non-significant differences. The Dunnett’s test was performed for the Ps factor, so there was no sex differentiation, thus two cells (for female and male) are marked in color.
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Pine Species

	
N

	
Larval Mass

(g)

	
Pupal Mass

(g)

	
Cocoon Mass

(mg)

	
Adult Mass

(g)

	
Wings Area

(cm2)

	
Fecundity

(No. Eggs)




	
F

	
M

	
F

	
M

	
F

	
M

	
F

	
M

	
F

	
M

	
F

	
M






	
Pinus armandii

	
5

	
11

	
2.33 ± 0.11

	
1.66 ± 0.07

	
1.77 ± 0.09

	
1.26 ± 0.06

	
43.3 ± 7.5

	
39.8 ± 3.1

	
1.24 ± 0.05

	
0.45 ± 0.03

	
11.92 ± 0.80

	
10.69 ± 0.60

	
164 ± 6




	
Pinus cembra

	
10

	
8

	
2.79 ± 0.13

	
1.84 ± 0.10

	
2.19 ± 0.10

	
1.32 ± 0.08

	
49.8 ± 4.7

	
44.3 ± 8.0

	
1.55 ± 0.08

	
0.49 ± 0.04

	
15.07 ± 0.43

	
11.37 ± 0.54

	
209 ± 14




	
Pinus contorta

	
5

	
11

	
2.94 ± 0.18

	
1.87 ± 0.08

	
2.30 ± 0.22

	
1.35 ± 0.08

	
57.1 ± 9.6

	
46.7 ± 3.6

	
1.58 ± 0.16

	
0.52 ± 0.02

	
15.26 ± 1.16

	
11.87 ± 0.34

	
227 ± 25




	
Pinus koraiensis

	
5

	
12

	
2.14 ± 0.10

	
1.78 ± 0.05

	
1.70 ± 0.08

	
1.35 ± 0.05

	
36.2 ± 7.4

	
29.3 ± 2.8

	
1.24 ± 0.07

	
0.49 ± 0.03

	
13.07 ± 0.65

	
11.15 ± 0.26

	
183 ± 6




	
Pinus nigra

	
7

	
12

	
3.30 ± 0.20

	
2.13 ± 0.08

	
2.59 ± 0.17

	
1.49 ± 0.06

	
51.3 ± 4.1

	
35.0 ± 2.9

	
1.86 ± 0.11

	
0.56 ± 0.04

	
17.01 ± 0.97

	
12.06 ± 0.38

	
237 ± 17




	
Pinus peuce

	
9

	
7

	
2.52 ± 0.10

	
1.75 ± 0.11

	
1.94 ± 0.10

	
1.21 ± 0.10

	
46.4 ± 4.1

	
36.6 ± 5.0

	
1.33 ± 0.08

	
0.42 ± 0.04

	
14.01 ± 0.70

	
10.39 ± 0.52

	
184 ± 9




	
Pinus ponderosa

	
10

	
7

	
3.28 ± 0.18

	
2.20 ± 0.11

	
2.50 ± 0.12

	
1.45 ± 0.13

	
69.6 ± 3.3

	
43.9 ± 8.3

	
1.88 ± 0.12

	
0.62 ± 0.06

	
17.35 ± 0.73

	
11.72 ± 0.98

	
262 ± 13




	
Pinus strobus

	
10

	
9

	
2.42 ± 0.13

	
1.85 ± 0.14

	
1.97 ± 0.11

	
1.24 ± 0.08

	
53.2 ± 6.1

	
45.0 ± 3.4

	
1.41 ± 0.07

	
0.46 ± 0.02

	
14.45 ± 0.44

	
11.43 ± 0.35

	
200 ± 12




	
Pinus sylvestris

	
10

	
7

	
2.91 ± 0.11

	
2.17 ± 0.16

	
2.42 ± 0.12

	
1.51 ± 0.09

	
60.1 ± 4.5

	
40.5 ± 4.8

	
1.78 ± 0.09

	
0.60 ± 0.03

	
16.73 ± 0.49

	
12.73 ± 0.86

	
255 ± 11




	
Pinus wallichiana

	
11

	
8

	
2.46 ± 0.10

	
1.94 ± 0.06

	
1.88 ± 0.09

	
1.36 ± 0.04

	
49.7 ± 2.9

	
47.8 ± 2.5

	
1.36 ± 0.09

	
0.48 ± 0.02

	
13.93 ± 0.65

	
11.81 ± 0.21

	
181 ± 10




	
ANCOVA

	
df

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p




	
Pine species (Ps)

	
9

	
13.4788

	
<0.0001

	
9.7650

	
<0.0001

	
3.9846

	
<0.0001

	
11.1253

	
<0.0001

	
8.2941

	
<0.0001

	
9.3299

	
<0.0001




	
Sex (S)

	
1

	
174.7856

	
<0.0001

	
240.4803

	
<0.0001

	
11.5914

	
0.0009

	
942.35

	
<0.0001

	
121.8399

	
<0.0001

	

	




	
Ps × S

	
9

	
3.2063

	
0.0014

	
3.4518

	
0.0007

	
1.5574

	
0.1331

	
4.5734

	
<0.0001

	
3.0862

	
0.0020

	

	




	
Initial larval mass (cov)

	
1

	
40.7382

	
<0.0001

	
34.8416

	
<0.0001

	
18.4386

	
<0.0001

	
28.6974

	
<0.0001

	
21.5775

	
<0.0001

	
27.2014

	
<0.0001




	
df error

	

	
152

	
152

	
150

	
152

	
147

	
71
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Table A2. Means and standard errors (±SE) of various growth-developmental parameters for individuals of the pine lappet (Dendrolimus pini L.) fed with needles of different pine species. A two-way covariance analysis was used to present the effects of the pine species (Ps) and sex and their interactions. The initial larval mass, i.e., the body mass of the larvae on the starting day of the experiment, was used as covariant. Statistically significant differences p < 0.05 are marked in bold. Mean values marked in red mean that they are significantly lower than the value for the individuals fed with primal host Pinus sylvestris L. needles (bolded; Dunnett’s test used here; α = 0.05), green values indicate higher ones, and black—non-significant differences. The Dunnett’s test was performed for the Ps factor, so there was no sex differentiation, thus two cells (for female and male) are marked in color.
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Pine Species

	
N

	
DD

(day)

	
PP

(day)

	
TFE

(g d.m.)

	
CI

(g g−1 day−1)

	
RGR

(g g−1 day−1)

	
AD

(%)

	
ECI

(%)

	
ECD

(%)




	
F

	
M

	
F

	
M

	
F

	
M

	
F

	
M

	
F

	
M

	
F

	
M

	
F

	
M

	
F

	
M

	
F

	
M






	
Pinus armandii

	
5

	
11

	
40.2 ± 4.7

	
32.9 ± 2.0

	
24.2 ± 1.7

	
28.6 ± 1.2

	
7.78 ± 0.72

	
5.49 ± 0.18

	
0.086 ± 0.010

	
0.103 ± 0.005

	
0.0140 ± 0.0015

	
0.0166 ± 0.0013

	
33.60 ± 1.93

	
39.35 ± 1.38

	
16.61 ± 1.59

	
15.93 ± 1.14

	
50.33 ± 5.86

	
41.27 ± 3.65




	
Pinus cembra

	
10

	
8

	
36.3 ± 2.1

	
29.8 ± 0.6

	
25.6 ± 0.8

	
27.5 ± 0.7

	
8.31 ± 0.41

	
5.93 ± 0.25

	
0.083 ± 0.002

	
0.110 ± 0.003

	
0.0177 ± 0.0010

	
0.0185 ± 0.0022

	
42.44 ± 1.10

	
49.89 ± 2.58

	
21.23 ± 0.82

	
17.22 ± 2.32

	
50.75 ± 3.18

	
36.38 ± 5.78




	
Pinus contorta

	
5

	
11

	
35.2 ± 4.6

	
27.4 ± 1.6

	
26.2 ± 2.0

	
28.0 ± 0.9

	
8.26 ± 0.40

	
5.20 ± 0.37

	
0.084 ± 0.008

	
0.103 ± 0.006

	
0.0191 ± 0.0020

	
0.0228 ± 0.0027

	
39.51 ± 1.08

	
52.13 ± 5.12

	
22.70 ± 1.24

	
24.20 ± 5.04

	
57.78 ± 4.20

	
45.12 ± 5.01




	
Pinus koraiensis

	
5

	
12

	
46.8 ± 3.4

	
30.9 ± 1.9

	
22.8 ± 1.7

	
27.9 ± 0.8

	
8.20 ± 0.84

	
5.26 ± 0.43

	
0.083 ± 0.007

	
0.096 ± 0.003

	
0.0135 ± 0.0014

	
0.0159 ± 0.0010

	
46.78 ± 2.89

	
44.54 ± 2.21

	
16.35 ± 0.91

	
16.85 ± 1.14

	
35.39 ± 2.58

	
38.95 ± 3.42




	
Pinus nigra

	
7

	
12

	
36.9 ± 5.1

	
25.3 ± 2.9

	
28.4 ± 1.2

	
28.3 ± 0.9

	
9.95 ± 0.65

	
5.77 ± 0.44

	
0.088 ± 0.008

	
0.115 ± 0.008

	
0.0218 ± 0.0024

	
0.0249 ± 0.0018

	
49.04 ± 5.20

	
40.53 ± 4.17

	
24.75 ± 1.61

	
22.10 ± 1.42

	
51.88 ± 3.51

	
59.63 ± 5.38




	
Pinus peuce

	
9

	
7

	
34.9 ± 1.6

	
30.6 ± 2.5

	
25.2 ± 0.9

	
28.3 ± 0.8

	
6.73 ± 0.37

	
4.17 ± 0.50

	
0.078 ± 0.004

	
0.081 ± 0.011

	
0.0170 ± 0.0008

	
0.0206 ± 0.0015

	
41.73 ± 2.74

	
53.73 ± 6.57

	
22.25 ± 1.31

	
31.11 ± 7.67

	
55.00 ± 4.38

	
54.98 ± 6.89




	
Pinus ponderosa

	
10

	
7

	
28.9 ± 2.1

	
33.4 ± 5.5

	
27.3 ± 0.8

	
25.3 ± 1.5

	
8.82 ± 0.25

	
7.80 ± 0.50

	
0.097 ± 0.004

	
0.120 ± 0.014

	
0.0256 ± 0.0013

	
0.0203 ± 0.0031

	
53.89 ± 5.15

	
55.75 ± 3.41

	
26.77 ± 1.62

	
16.65 ± 1.08

	
51.79 ± 3.82

	
30.76 ± 2.90




	
Pinus strobus

	
10

	
9

	
35.0 ± 2.5

	
28.3 ± 2.5

	
27.2 ± 1.1

	
27.8 ± 0.7

	
5.63 ± 0.32

	
4.31 ± 0.35

	
0.069 ± 0.004

	
0.087 ± 0.008

	
0.0175 ± 0.0009

	
0.0220 ± 0.0022

	
44.44 ± 3.29

	
54.07 ± 4.43

	
26.21 ± 2.33

	
27.79 ± 4.99

	
60.10 ± 4.42

	
50.54 ± 5.88




	
Pinus sylvestris

	
10

	
7

	
28.6 ± 1.2

	
28.3 ± 3.6

	
29.8 ± 0.8

	
28.4 ± 1.1

	
7.10 ± 0.38

	
5.38 ± 0.79

	
0.086 ± 0.004

	
0.091 ± 0.008

	
0.0241 ± 0.0013

	
0.0288 ± 0.0050

	
49.09 ± 2.76

	
69.54 ± 5.36

	
28.56 ± 2.06

	
35.42 ± 8.25

	
58.78 ± 3.69

	
50.51 ± 10.43




	
Pinus wallichiana

	
11

	
8

	
35.9 ± 2.4

	
24.0 ± 1.1

	
25.5 ± 0.6

	
26.1 ± 0.6

	
7.52 ± 0.32

	
5.56 ± 0.23

	
0.088 ± 0.005

	
0.122 ± 0.008

	
0.0193 ± 0.0010

	
0.0235 ± 0.0012

	
54.68 ± 2.72

	
47.63 ± 2.44

	
22.25 ± 1.03

	
19.69 ± 1.07

	
41.78 ± 3.03

	
42.58 ± 3.74




	
ANCOVA

	
df

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p




	
Pine species (Ps)

	
9

	
3.8039

	
0.0002

	
2.5756

	
0.0087

	
10.9865

	
<0.0001

	
4.5752

	
<0.0001

	
6.0806

	
<0.0001

	
5.1063

	
<0.0001

	
5.6397

	
<0.0001

	
3.4757

	
0.0006




	
Sex (S)

	
1

	
60.1113

	
<0.0001

	
10.6704

	
0.0013

	
128.5158

	
<0.0001

	
36.3141

	
<0.0001

	
1.2958

	
0.2568

	
4.6539

	
0.0326

	
6.3559

	
0.0127

	
13.3744

	
0.0004




	
Ps × S

	
9

	
1.8530

	
0.0632

	
2.5016

	
0.0107

	
2.2821

	
0.0199

	
0.8829

	
0.5421

	
1.3465

	
0.2176

	
2.3083

	
0.0185

	
1.3918

	
0.1964

	
1.9517

	
0.0487




	
Initial larval mass (cov)

	
1

	
26.9481

	
<0.0001

	
1.6807

	
0.1968

	
0.2121

	
0.6458

	
1.0073

	
0.3172

	
8.7103

	
0.0037

	
4.4652

	
0.0362

	
10.5231

	
0.0014

	
2.8394

	
0.0940




	
df error

	

	
152

	
152

	
152

	
152

	
152

	
152

	
152

	
152








Duration of the development (DD), pupal period (PP), total food eaten (TFE), consumption index (CI), relative growth rate (RGR), approximate digestibility (AD), efficiency of conversion of ingested food (ECI), and efficiency with which digested food was converted to body substance (ECD).
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Table A3. Means and standard errors (±SE) and summary of the results of analysis of variance (ANOVA) for water, nitrogen, starch, total non-structural carbohydrates (TNC), total phenols (TPh), tannins, total terpenoids (TT), and specific leaf area (SLA) in one-year-old needles of 10 different pine species (Ps), achieved over two consecutive months of collection of plant material (M)—in April and in May. Statistically significant differences p < 0.05 are marked in bold. Mean values marked in red mean that they are significantly lower than the value for the control (bolded; Dunnett’s test used here; α = 0.05), green values indicate higher ones, and black—non-significant differences. The Dunnett’s test was performed for the Ps factor, so there was no month differentiation, thus two cells (for April and May) are marked in color.
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Pine Species

	
N

	
Water

(%)

	
Nitrogen

(%)

	
Starch

(%)

	
TNC

(%)

	
TPh

(µM g−1 d.m.)

	
Tannins

(µM g−1 d.m.)

	
TT

(mg−1 g d.m.)

	
SLA

(cm-1 g d.m.)




	
April

	
May

	
April

	
May

	
April

	
May

	
April

	
May

	
April

	
May

	
April

	
May

	
April

	
May

	
April

	
May

	
April

	
May






	
Pinus armandii

	
8

	
8

	
52.1 ± 0.6

	
51.2 ± 0.8

	
1.29 ± 0.07

	
1.33 ± 0.14

	
3.43 ± 0.43

	
6.77 ± 0.68

	
11.10 ± 0.50

	
13.92 ± 0.91

	
150.6 ± 12.3

	
103.7 ± 6.1

	
299.6 ± 54.0

	
235.9 ± 76.5

	
208.1 ± 1.9

	
158.1 ± 15.2

	
42.6 ± 1.2

	
43.3 ± 1.2




	
Pinus cembra

	
8

	
8

	
48.6 ± 0.7

	
51.2 ± 1.4

	
1.70 ± 0.15

	
1.49 ± 0.07

	
1.77 ± 1.01

	
2.15 ± 0.81

	
7.92 ± 1.62

	
7.33 ± 1.12

	
78.9 ± 2.4

	
101.2 ± 7.4

	
23.8 ± 5.7

	
18.5 ± 2.3

	
121.4 ± 4.5

	
112.7 ± 3.6

	
34.3 ± 0.8

	
38.5 ± 1.1




	
Pinus contorta

	
8

	
8

	
48.2 ± 1.1

	
51.2 ± 0.9

	
1.49 ± 0.13

	
1.26 ± 0.05

	
2.88 ± 0.38

	
2.98 ± 0.48

	
11.31 ± 0.51

	
9.84 ± 0.52

	
178.8 ± 11.2

	
173.1 ± 17.1

	
184.1 ± 22.9

	
224.6 ± 25.3

	
174.0 ± 7.7

	
170.6 ± 8.1

	
28.8 ± 0.6

	
27.6 ± 1.3




	
Pinus koraiensis

	
8

	
8

	
48.9 ± 0.6

	
47.7 ± 1.6

	
1.43 ± 0.07

	
1.30 ± 0.06

	
4.38 ± 1.18

	
5.18 ± 0.90

	
11.27 ± 1.24

	
11.48 ± 0.68

	
120.0 ± 8.9

	
114.6 ± 9.5

	
47.5 ± 10.4

	
50.2 ± 20.7

	
127.8 ± 6.0

	
128.5 ± 10.1

	
38.7 ± 1.0

	
37.6 ± 1.2




	
Pinus nigra

	
8

	
8

	
50.7 ± 0.8

	
47.9 ± 0.7

	
1.16 ± 0.05

	
1.07 ± 0.05

	
1.88 ± 0.43

	
5.67 ± 1.04

	
8.66 ± 0.53

	
12.21 ± 0.83

	
140.7 ± 8.1

	
123.4 ± 12.6

	
216.6 ± 24.6

	
147.1 ± 49.2

	
153.1 ± 1.8

	
128.4 ± 11.2

	
24.1 ± 1.0

	
22.1 ± 0.5




	
Pinus peuce

	
8

	
8

	
50.7 ± 0.6

	
48.3 ± 0.7

	
1.30 ± 0.05

	
1.39 ± 0.13

	
0.47 ± 0.04

	
3.02 ± 0.96

	
7.33 ± 0.48

	
9.51 ± 0.97

	
290.6 ± 12.4

	
202.8 ± 14.2

	
273.3 ± 61.8

	
118.2 ± 30.9

	
179.7 ± 4.2

	
177.8 ± 8.6

	
45.4 ± 1.6

	
43.7 ± 1.7




	
Pinus ponderosa

	
8

	
8

	
50.6 ± 0.4

	
55.9 ± 3.2

	
1.55 ± 0.05

	
1.63 ± 0.08

	
0.97 ± 0.43

	
2.01 ± 0.62

	
8.13 ± 0.56

	
9.01 ± 0.59

	
157.4 ± 16.2

	
143.8 ± 12.8

	
121.9 ± 33.3

	
135.1 ± 44.5

	
137.8 ± 3.7

	
145.2 ± 3.9

	
24.0 ± 0.6

	
29.4 ± 3.0




	
Pinus strobus

	
8

	
8

	
48.7 ± 0.4

	
46.9 ± 1.0

	
2.01 ± 0.06

	
1.97 ± 0.10

	
0.67 ± 0.10

	
4.05 ± 0.60

	
8.91 ± 0.36

	
13.58 ± 0.70

	
168.9 ± 6.0

	
130.0 ± 11.7

	
252.7 ± 45.8

	
178.5 ± 22.4

	
181.3 ± 4.5

	
174.8 ± 8.0

	
49.5 ± 3.1

	
45.0 ± 1.4




	
Pinus sylvestris

	
8

	
8

	
47.9 ± 0.6

	
48.6 ± 0.8

	
1.75 ± 0.09

	
1.51 ± 0.10

	
2.37 ± 0.49

	
5.51 ± 0.77

	
10.50 ± 0.65

	
13.35 ± 0.78

	
144.3 ± 6.6

	
155.4 ± 15.4

	
120.2 ± 23.4

	
125.5 ± 20.6

	
146.9 ± 4.5

	
144.3 ± 10.5

	
27.3 ± 1.0

	
27.9 ± 0.7




	
Pinus wallichiana

	
8

	
8

	
50.7 ± 0.9

	
47.6 ± 1.3

	
1.79 ± 0.15

	
1.50 ± 0.08

	
1.76 ± 0.35

	
4.70 ± 0.87

	
7.81 ± 0.67

	
10.59 ± 1.22

	
79.7 ± 11.3

	
79.7 ± 7.4

	
39.8 ± 10.0

	
44.2 ± 20.6

	
118.7 ± 6.3

	
121.9 ± 8.3

	
45.9 ± 1.2

	
42.8 ± 1.1




	
ANCOVA

	
df

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p




	
Pine species (Ps)

	
9

	
4.2619

	
<0.0001

	
13.9862

	
<0.0001

	
6.5146

	
<0.0001

	
7.8032

	
<0.0001

	
35.4660

	
<0.0001

	
11.6377

	
<0.0001

	
23.8333

	
<0.0001

	
76.4862

	
<0.0001




	
Month (M)

	
1

	
0.0198

	
0.8883

	
6.4118

	
0.0124

	
47.2320

	
<0.0001

	
23.0207

	
<0.0001

	
13.4157

	
0.0004

	
3.7172

	
0.0559

	
7.6507

	
0.0064

	
0.1800

	
0.6720




	
Ps × M

	
9

	
3.1534

	
0.0017

	
1.1726

	
0.3171

	
2.0219

	
0.0411

	
2.7440

	
0.0056

	
4.1476

	
<0.0001

	
1.3375

	
0.2231

	
2.4973

	
0.0112

	
2.3633

	
0.0162




	
df error

	

	
140

	
140

	
140

	
140

	
140

	
138

	
140

	
140
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Figure A1. Matrix showing the linear relationships between the morphological parameters of the wings of pine-tree lappet Dendrolimus pini L. for the data collected in the performance test with feeding them with different species of pines. The ellipses for α = 0.95 are marked in red. 
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Figure 1. Bars showing the number of larvae, which chose specific food (left side), and a mosaic plot (right side) showing proportion of chosen pine species by the pine-tree lappet larvae (Dendrolimus pini L.) in the multi-choice (10 options) experiment. 
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Figure 2. A mosaic plot showing proportion of chosen food by the pine-tree lappet larvae (Dendrolimus pini L.) in the dual-choice experiment with Pinus sylvestris L. and non-target species. Symbol * at the top of the bars indicate significant differences in the larval selection of the target and non-target host plants. 
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Figure 3. Mean values (±SE) of maximal larval mass (A), pupal mass (B), cocoon mass (C), adult mass (D), fecundity (E), and wing area (F) achieved by the pine-tree lappet (Dendrolimus pini L.) larvae, which were fed with the needles of pines of different geographical origin (American, Asian, and European) classified by sex: females (dark) and males (light). Lowercase letters above the bars indicate result of Tukey’s post hoc test (α = 0.05) for pine origin × sex interaction, but uppercase letters indicate result for pine origin treatment (see also Table 1). Levels not connected by same letter are significantly different. 
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Figure 4. Mean values (±SE) of maximal larval mass (A), pupal mass (B), cocoon mass (C), adult mass (D), fecundity (E), and wing area (F) achieved by the pine-tree lappet (Dendrolimus pini L.) larvae, which were fed with needles of pine species with different numbers of needles in fascicles (two, three, and five) classified by sex: females (dark) and males (light). Lowercase letters above the bars indicate result of Tukey’s post hoc test (α = 0.05) for interaction number of needles × month, and uppercase letters indicate result for number of needles in a fascicle treatment (see also Table 1). Levels not connected by same letter are significantly different. 






Figure 4. Mean values (±SE) of maximal larval mass (A), pupal mass (B), cocoon mass (C), adult mass (D), fecundity (E), and wing area (F) achieved by the pine-tree lappet (Dendrolimus pini L.) larvae, which were fed with needles of pine species with different numbers of needles in fascicles (two, three, and five) classified by sex: females (dark) and males (light). Lowercase letters above the bars indicate result of Tukey’s post hoc test (α = 0.05) for interaction number of needles × month, and uppercase letters indicate result for number of needles in a fascicle treatment (see also Table 1). Levels not connected by same letter are significantly different.
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Figure 5. Mean values (±SE) of duration of development (DD; (A)), pupal period (PP; (B)), total food eaten (TFE; (C)), consumption index (CI; (D)), relative growth rate (RGR; (E)), approximate digestibility (AD; (F)), efficiency of conversion of ingested food (ECI; (G)), and efficiency with which digested food was converted to body substance (ECD; (H)) achieved by the pine-tree lappet (Dendrolimus pini L.) larvae, which were fed with the needles of pines of different geographical origin (American, Asian, and European) classified by sex: females (dark) and males (light). Lowercase letters above the bars indicate result of Tukey’s post hoc test (α = 0.05) for interaction pine origin × sex, and uppercase letters indicate result for pine origin treatment (see also Table 1). Levels not connected by same letter are significantly different. 
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Figure 6. Mean values (±SE) of DD (A), PP (B), TFE (C), CI (D), RGR (E), AD (F), ECI (G), and ECD (H) achieved by the pine-tree lappet (Dendrolimus pini L.) larvae, which were fed with needles of pine species with different numbers of needles in fascicles (two, three, and five) classified by sex: females (dark) and males (light). Lowercase letters above the bars indicate result of Tukey’s post hoc test (α = 0.05) for interaction number of needles × month, and uppercase letters indicate result for number of needles in a fascicle treatment (see also Table 1). Levels not connected by same letter are significantly different. 
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Figure 7. Mean values (±SE) of water (A), nitrogen (B), starch (C), total non-structural carbohydrates (TNC; D), total phenols (TPh; E), tannins (F), and total terpenoids content (TT; G), as well as specific leaf area (SLA; H), of needles of pines of different geographical origin (American, Asian, and European) achieved over two consecutive months of collection of plant material—April (dark) and May (light). Lowercase letters above the bars indicate result of Tukey’s post hoc test (α = 0.05) for interaction pine origin × month, and uppercase letters indicate result for pine origin treatment (see also Table 3). Levels not connected by same letter are significantly different. 
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Figure 8. Mean values (±SE) of water (A), nitrogen (B), starch (C), TNC (D), TPh (E), tannins (F), and TT (G), as well as SLA (H), of needles of pine species with different numbers of needles in fascicles (two, three, and five) achieved over two consecutive months of collection of plant material—April (dark) and May (light). Lowercase letters above the bars indicate result of Tukey’s post hoc test (α = 0.05) for interaction number of needles × month, and uppercase letters indicate result for number of needles treatment (see also Table 3). Levels not connected by same letter are significantly different. 
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Table 1. Pine species that were selected for this study.
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	Scientific Name
	Common Name
	Place of Origin
	Number of Needles in Fascicles





	1.
	Pinus armandii Franch.
	Chinese white pine Eastern
	Eastern Asia
	Five



	2.
	Pinus cembra L.
	Stone pine
	Europe
	Five



	3.
	Pinus contorta Dougl. ex Loud.
	Lodgepole pine
	North America
	Two



	4.
	Pinus koraiensis Siebold and Zucc.
	Korean pine
	Eastern Asia
	Five



	5.
	Pinus nigra Arn.
	Black pine
	Europe
	Two



	6.
	Pinus peuce Griseb.
	Macedonian pine
	Europe
	Five



	7.
	Pinus ponderosa

Douglas ex C. Lawson
	Ponderosa pine
	North America
	Three



	8.
	Pinus strobus L.
	White pine
	North America
	Five



	9.
	Pinus sylvestris L.
	Scots pine
	Europe
	Two



	10.
	Pinus wallichiana A.B. Jacks
	Himalayan pine
	Eastern Asia
	Five
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Table 2. A summary of the results of analysis of covariance (ANCOVA) for larval, pupal, cocoon, and adult masses; total wing area; fecundity; duration of development (DD); pupal period (PP); total food eaten (TFE); consumption index (CI); relative growth rate (RGR); approximate digestibility (AD); efficiency of conversion of ingested food (ECI); and efficiency with which digested food was converted to body substance (ECD) achieved by the pine-tree lappet (Dendrolimus pini L.) larvae, which were fed with the needles of pine species from different geographical origins (A), and fed with needles of pine species with different numbers of needles in fascicles (B). A two-way analysis of covariance was used to present the effects of the pine origin (Po), pine species nested in Po, sex (S), and their interactions in part A of the table, as well as in part B to present the effects of the number of needles in fascicles (Nn), pine species nested in Nn, sex (S), and their interactions. Initial larva mass, i.e., the body mass of the larvae on the first day of the experiment, was used as a covariate to adjust initial mass differences between insects. Statistically significant differences p < 0.05 are marked in bold.






Table 2. A summary of the results of analysis of covariance (ANCOVA) for larval, pupal, cocoon, and adult masses; total wing area; fecundity; duration of development (DD); pupal period (PP); total food eaten (TFE); consumption index (CI); relative growth rate (RGR); approximate digestibility (AD); efficiency of conversion of ingested food (ECI); and efficiency with which digested food was converted to body substance (ECD) achieved by the pine-tree lappet (Dendrolimus pini L.) larvae, which were fed with the needles of pine species from different geographical origins (A), and fed with needles of pine species with different numbers of needles in fascicles (B). A two-way analysis of covariance was used to present the effects of the pine origin (Po), pine species nested in Po, sex (S), and their interactions in part A of the table, as well as in part B to present the effects of the number of needles in fascicles (Nn), pine species nested in Nn, sex (S), and their interactions. Initial larva mass, i.e., the body mass of the larvae on the first day of the experiment, was used as a covariate to adjust initial mass differences between insects. Statistically significant differences p < 0.05 are marked in bold.





	
A: Pine Origin

	
Larval Mass

(g)

	
Pupal Mass

(g)

	
Cocoon Mass

(mg)

	
Adult Mass

(g)

	
Wings Area

(cm2)

	
Fecundity

(no. Eggs)

	
DD

(Day)

	
PP

(Day)

	
TFE

(g d.m.)

	
CI

(g g−1 Day−1)

	
RGR

(g g−1 Day−1)

	
AD

(%)

	
ECI

(%)

	
ECD

(%)




	
ANCOVA

	
df

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p






	
Pine origin (Po)

	
2

	
21.7357

	
<0.0001

	
15.6451

	
<0.0001

	
9.8975

	
<0.0001

	
16.0361

	
<0.0001

	
15.0088

	
<0.0001

	
11.9165

	
<0.0001

	
6.0039

	
0.0031

	
3.5827

	
0.0301

	
0.0017

	
0.9983

	
0.2910

	
0.7479

	
12.3612

	
<0.0001

	
3.4169

	
0.0352

	
13.9226

	
<0.0001

	
6.9901

	
0.0012




	
Pine species

[Po]

	
7

	
9.9749

	
<0.0001

	
7.3411

	
<0.0001

	
3.4956

	
0.0016

	
8.5158

	
<0.0001

	
6.2753

	
<0.0001

	
8.1890

	
<0.0001

	
3.9936

	
0.0005

	
1.8012

	
0.0905

	
12.8156

	
<0.0001

	
5.7314

	
<0.0001

	
5.6737

	
<0.0001

	
5.1784

	
<0.0001

	
3.3027

	
0.0026

	
2.6268

	
0.0136




	
Sex (S)

	
1

	
163.2014

	
<0.0001

	
234.0973

	
<0.0001

	
12.4169

	
0.0006

	
861.8713

	
<0.0001

	
119.4269

	
<0.0001

	

	

	
57.9123

	
<0.0001

	
8.0228

	
0.0052

	
116.3617

	
<0.0001

	
41.3346

	
<0.0001

	
1.4211

	
0.2350

	
2.3150

	
0.1301

	
7.4947

	
0.0069

	
12.0833

	
0.0007




	
Po × S

	
2

	
3.1348

	
0.0462

	
7.0945

	
0.0011

	
1.0654

	
0.3471

	
6.2480

	
0.0024

	
5.2590

	
0.0062

	

	

	
1.6033

	
0.2045

	
3.0142

	
0.0519

	
2.3347

	
0.1001

	
0.2399

	
0.7870

	
1.5459

	
0.2163

	
1.5808

	
0.2090

	
0.9614

	
0.3846

	
2.7967

	
0.0640




	
Initial larval mass (cov)

	
1

	
30.6088

	
<0.0001

	
25.8380

	
<0.0001

	
13.8404

	
0.0003

	
16.7247

	
<0.0001

	
13.1889

	
0.0004

	
27.2014

	
<0.0001

	
26.9124

	
<0.0001

	
0.4294

	
0.5132

	
0.4661

	
0.4958

	
1.9916

	
0.1601

	
10.0633

	
0.0018

	
9.7943

	
0.0021

	
13.4641

	
0.0003

	
1.7707

	
0.1852




	
df error

	
159

	
159

	
157

	
159

	
154

	
71

	
159

	
159

	
159

	
159

	
1590

	
159

	
159

	
159




	
B: Number of needles

in fascicles

	
Larval mass

(g)

	
Pupal mass

(g)

	
Cocoon mass

(mg)

	
Adult mass

(g)

	
Wings area

(cm2)

	
Fecundity

(no. eggs)

	
DD

(day)

	
PP

(day)

	
TFE

(g d.m.)

	
CI

(g g−1 day−1)

	
RGR

(g g−1 day−1)

	
AD

(%)

	
ECI

(%)

	
ECD

(%)




	
ANCOVA

	
df

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p




	
Number of needles (Nn)

	
2

	
45.0919

	
<0.0001

	
33.1481

	
<0.0001

	
8.1693

	
0.0004

	
38.9873

	
<0.0001

	
26.0645

	
<0.0001

	
32.8685

	
<0.0001

	
8.3982

	
0.0003

	
6.6218

	
0.0017

	
20.9735

	
<0.0001

	
6.6418

	
0.0017

	
20.4456

	
<0.0001

	
5.5261

	
0.0048

	
6.7040

	
0.0016

	
5.7426

	
0.0039




	
Pine species

[Nn]

	
7

	
3.0357

	
0.0050

	
1.7341

	
0.1046

	
4.1680

	
0.0003

	
1.9163

	
0.0702

	
2.4977

	
0.0186

	
2.1141

	
0.0529

	
3.2732

	
0.0028

	
0.9980

	
0.4348

	
7.4770

	
<0.0001

	
3.9222

	
0.0006

	
3.4258

	
0.0019

	
4.7192

	
<0.0001

	
5.3125

	
<0.0001

	
2.7553

	
0.0100




	
Sex (S)

	
1

	
162.7075

	
<0.0001

	
225.0700

	
<0.0001

	
23.8280

	
<0.0001

	
761.0352

	
<0.0001

	
134.4132

	
<0.0001

	

	

	
18.1564

	
<0.0001

	
0.1903

	
0.6633

	
65.7105

	
<0.0001

	
27.0208

	
<0.0001

	
0.0089

	
0.9248

	
1.4248

	
0.2344

	
12.3074

	
0.0006

	
15.2884

	
0.0001




	
Nn × S

	
2

	
7.6766

	
0.0007

	
10.3064

	
<0.0001

	
5.7117

	
0.0040

	
14.0336

	
<0.0001

	
8.8260

	
0.0002

	

	

	
6.7481

	
0.0015

	
5.6230

	
0.0044

	
4.2452

	
0.0160

	
0.0966

	
0.9080

	
4.0842

	
0.0186

	
0.1044

	
0.9010

	
2.9468

	
0.0554

	
2.3127

	
0.1023




	
Initial larval mass (cov)

	
1

	
39.9266

	
<0.0001

	
36.1313

	
<0.0001

	
18.0245

	
<0.0001

	
26.0921

	
<0.0001

	
20.7870

	
<0.0001

	
27.2014

	
<0.0001

	
35.4491

	
<0.0001

	
1.4658

	
0.2278

	
0.8288

	
0.3640

	
2.1871

	
0.1411

	
7.7213

	
0.0061

	
11.4024

	
0.0009

	
11.6252

	
0.0008

	
0.7647

	
0.3832




	
df error

	
159

	
159

	
157

	
159

	
154

	
71

	
159

	
159

	
159

	
159

	
1590

	
159

	
159

	
159
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Table 3. A summary of the results of analysis of variance (ANOVA) for water, nitrogen, starch, total non-structural carbohydrates (TNC), total phenols (TPh), tannins, total terpenoids (TT), and specific leaf area (SLA) in one-year-old needles of pine species of different geographical origin (A), and pine species with different numbers of needles in fascicles (B). A two-way analysis of variance was used to present the effects of the pine origin of pines (Po), pine species nested in Po, month of plant material collection (M), and their interactions in part A of the table, as well as in part B to present the effects of the number of needles in fascicles (Nn), pine species nested in Nn, month of plant material collection (M), and their interactions. Statistically significant differences p < 0.05 are marked in bold.






Table 3. A summary of the results of analysis of variance (ANOVA) for water, nitrogen, starch, total non-structural carbohydrates (TNC), total phenols (TPh), tannins, total terpenoids (TT), and specific leaf area (SLA) in one-year-old needles of pine species of different geographical origin (A), and pine species with different numbers of needles in fascicles (B). A two-way analysis of variance was used to present the effects of the pine origin of pines (Po), pine species nested in Po, month of plant material collection (M), and their interactions in part A of the table, as well as in part B to present the effects of the number of needles in fascicles (Nn), pine species nested in Nn, month of plant material collection (M), and their interactions. Statistically significant differences p < 0.05 are marked in bold.





	
A: Pine Origin

	
Water

(%)

	
Nitrogen

(%)

	
Starch

(%)

	
TNC

(%)

	
TPh

(µM g−1 d.m.)

	
Tannins

(µM g−1 d.m.)

	
TT

(mg g−1 d.m.)

	
SLA

(cm−2 g−1 d.m.)






	
ANCOVA

	
df

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p




	
Pine origin (Po)

	
2

	
0.6347

	
0.5316

	
14.1773

	
<0.0001

	
16.8918

	
<0.0001

	
4.5196

	
0.0124

	
38.4868

	
<0.0001

	
23.0966

	
<0.0001

	
14.2578

	
<0.0001

	
90.8466

	
<0.0001




	
Pine species

[Po]

	
7

	
4.6250

	
0.0001

	
16.8374

	
<0.0001

	
8.0918

	
<0.0001

	
7.6947

	
<0.0001

	
25.4490

	
<0.0001

	
24.5070

	
<0.0001

	
21.4331

	
<0.0001

	
84.1642

	
<0.0001




	
Month (M)

	
1

	
0.7262

	
0.3955

	
7.2648

	
0.0079

	
44.3518

	
<0.0001

	
19.7187

	
<0.0001

	
7.6109

	
0.0065

	
5.9364

	
0.0160

	
6.8408

	
0.0098

	
0.0340

	
0.8540




	
Po × M

	
2

	
3.2981

	
0.0397

	
0.2117

	
0.8095

	
0.8666

	
0.4225

	
0.2567

	
0.7739

	
0.4161

	
0.6604

	
0.8556

	
0.4272

	
1.4703

	
0.2332

	
0.4595

	
0.6325




	
df error

	
146

	
147

	
147

	
147

	
147

	
145

	
147

	
147




	
B: Number of needles

in fascicles

	
Water

(%)

	
Nitrogen

(%)

	
Starch

(%)

	
TNC

(%)

	
TPh

(µM g−1 d.m.)

	
Tannins

(µM g−1 d.m.)

	
TT

(mg g−1 d.m.)

	
SLA

(cm−2 g−1 d.m.)




	
ANCOVA

	
df

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p




	
Number of needles (Nn)

	
2

	
5.8304

	
0.0037

	
10.5012

	
<0.0001

	
12.5336

	
<0.0001

	
5.8964

	
0.0034

	
11.5970

	
<0.0001

	
17.9745

	
<0.0001

	
1.1192

	
0.3293

	
366.3140

	
<0.0001




	
Pine species

[Nn]

	
7

	
3.1526

	
0.0039

	
18.3808

	
<0.0001

	
9.2315

	
<0.0001

	
7.3169

	
<0.0001

	
33.1239

	
<0.0001

	
25.6868

	
<0.0001

	
25.1421

	
<0.0001

	
14.1982

	
<0.0001




	
Month (M)

	
1

	
0.6602

	
0.4178

	
2.2768

	
0.1335

	
26.2360

	
<0.0001

	
8.8520

	
0.0034

	
3.1828

	
0.0765

	
2.1777

	
0.1422

	
1.3638

	
0.2448

	
3.5949

	
0.0599




	
Nn × M

	
2

	
3.0163

	
0.0520

	
1.9519

	
0.1457

	
0.2591

	
0.7721

	
0.3847

	
0.6814

	
0.4002

	
0.6709

	
0.5676

	
0.5682

	
1.3383

	
0.2655

	
6.3288

	
0.0023




	
df error

	
146

	
147

	
147

	
147

	
147

	
145

	
147

	
147
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